Sungkyunkwania multivorans gen. nov., sp. nov., a member of the family Flavobacteriaceae isolated from seawater from a seaweed farm Department of Food Science and Biotechnology, Sungkyunkwan University, Jangan-gu, Suwon, Republic of Korea A Gram-staining-negative, non-flagellated, non-gliding and rod-shaped bacterial strain, designated PDB-16 T , was isolated from seawater from a seaweed farm on the South Sea in Korea, and its taxonomic position was investigated using a polyphasic approach. Strain PDB-16
T grew optimally at 30 6C, at pH 7.0-7.5 and in the presence of 2 % (w/v) NaCl. A neighbourjoining phylogenetic tree based on 16S rRNA gene sequences revealed that strain PDB-16 T formed an independent lineage within the evolutionary radiation encompassed by the family Flavobacteriaceae. Strain T contained MK-6 as the predominant menaquinone and iso-C 15 : 0 , iso-C 15 : 1 G and iso-C 17 : 0 3-OH as the major fatty acids. The major polar lipids detected in strain PDB-16 T were phosphatidylethanolamine and two unidentified lipids. The DNA G+C content of strain PDB-16 T was 42.1 mol%. Strain PDB-16 T exhibited very low 16S rRNA gene sequence similarities of less than 89.7 % to the type strains of any bacterial species with validly published names and less than 90.1 % to uncultured bacteria clones. The 16S rRNA gene sequence similarity values and the differences in phenotypic properties between strain PDB-16 T and some phylogenetically related genera were sufficient to support the proposal that strain PDB-16 T should be distinguished from previously known genera of the family Flavobacteriaceae. On the basis of the data presented, strain PDB-16 T is considered to represent a new genus and novel species, for which the name Sungkyunkwania multivorans gen. nov., sp. nov. is proposed. The type strain of Sungkyunkwania multivorans is PDB-16 T (5KCTC 32138 T 5CCUG 62952 T ).
Members of the phylum Bacteroidetes are common in nature, particularly in marine environments (Kirchman, 2002) . They are also known to play an important role in the degradation of organic matter in marine environments (Cottrell & Kirchman, 2000; Kirchman, 2002) . Recently, many novel taxa belonging to the phylum Bacteroidetes have been isolated from a variety of marine environments, including tidal sediments, seawaters and marine sands, in the Korean peninsula (Quan et al., 2008; Bae et al., 2007; Yoon et al., 2005 Yoon et al., , 2008 Yoon et al., , 2011 . In the course of screening for novel polysaccharide-degrading bacteria from a seaweed farm in the South Sea, Korea, many bacterial strains that belong to the phylum Bacteroidetes were isolated and characterized taxonomically. In this study, one novel bacterial strain, designated PDB-16 T , which was found to have a very low 16S rRNA gene sequence similarity to any known bacterial taxa and showed degradative activities against several polysaccharides, is described. The aim of the present work was to determine the exact taxonomic position of strain T by using a polyphasic characterization that included the determination of phenotypic properties and a detailed phylogenetic analysis based on 16S rRNA gene sequences.
Strain PDB-16
T was isolated by using the dilution plating technique on marine agar 2216 (MA; BD) at 25 u C, and was cultivated routinely on MA at 30 u C. Cell morphology was examined by using light microscopy (BX51; Olympus) and transmission electron microscopy (CM-20; Philips). The latter technique was also used to assess the presence of flagella on cells from an exponentially growing MA culture. For this purpose, the cells were negatively stained with 1 % (w/v) phosphotungstic acid and the grids were examined after being air-dried. Gliding motility was investigated as described by Bowman (2000) . The Gram reaction was determined by using the bioMérieux Gram stain kit according to the manufacturer's instructions. Growth under anaerobic conditions was determined after incubation in an anaerobic chamber (1029; Forma, N 2 /CO 2 /H 2 , 86 : 7 : 7 %) on MA which had been prepared anaerobically under a nitrogen atmosphere. Growth at 4, 10, 15, 20, 25, 28, 30, 35, 37 and 40 u C was measured on MA. Growth in the absence of NaCl and in the presence of 0.5, 1.0, 2.0 and 3.0 % (w/v) NaCl was investigated by using trypticase soy broth prepared according to the formula of the Difco medium except that NaCl was excluded and that 0.45 % (w/ v) MgCl 2 . 6H 2 O was added. Growth in the presence of 2.0-7.0 % (as final concentration, w/v, at increments of 1.0 %) NaCl was investigated in marine broth 2216 (MB; BD). The pH range for growth was determined in MB adjusted to pH 4.5-9.5 (using increments of 0.5 pH units) by using sodium acetate/acetic acid and Na 2 CO 3 buffers. The pH values were verified after autoclaving. The presence of flexirubin-type pigments was investigated as described previously (Reichenbach, 1992; Bernardet et al., 2002) . Catalase and oxidase activities were determined as described by Barrow & Feltham (1993) . Hydrolysis of casein, hypoxanthine, L-tyrosine and xanthine was tested on MA using the substrate concentrations described by Barrow & Feltham (1993) . Hydrolysis of gelatin and urea was investigated by using nutrient gelatin and urea agar base media (BD), respectively, with the modification of using artificial seawater in the preparation of media. Hydrolysis of aesculin and Tweens (20, 40, 60 and 80) , and nitrate reduction were investigated as described previously (Lányi, 1987) , with the modification of using artificial seawater in the preparation of media. (Bruns et al., 2001) . Degradation of various polysaccharides was tested on basal medium agar [1 g yeast extract, 0.5 g NH 4 Cl, 50 ml 1M Tris/HCl (pH 7.4) and 5 g low melting agarose per litre of artificial seawater], supplemented with 1.2 % (w/v) gellan gum (Ruijssenaars & Hartmans, 2001 ), containing 0.5 % (w/v) low melting agarose, alginate, CMcellulose, i-carrageenan, curdlan, pectin from apple peels, starch or birch wood xylan. All polysaccharides were purchased from Sigma except agarose (Lonza), curdlan and low viscosity alginate (Wako Chemicals). Alginate lyase activity was revealed by flooding the agar with a 10 % (w/v) cetylpyridinium chloride solution. Degradation of CMcellulose was revealed by flooding the agar with a 0.1 % (w/ v) Congo red aqueous solution. Degradation of agarose, carrageenan, pectin, starch and xylan was revealed by flooding the agar with 610 diluted Lugol's iodine solution (Barrow & Feltham, 1993) . For the detection of curdlanase activity, 0.005 % (w/v) aniline blue was added to the medium before autoclaving and the activity was revealed by the presence of clear haloes around the colonies (Mahasneh & Stewart, 1980) . Utilization of substrates as sole carbon and energy sources was tested as described by Baumann & Baumann (1981) , using supplementation with 2 % (v/v) Hutner's mineral base (Cohen-Bazire et al., 1957) and 1 % (v/v) vitamin solution (Staley, 1968) . Acid production from carbohydrates was determined as described by Leifson (1963) . Susceptibility to antibiotics was tested on MA plates using antibiotic discs (Advantec) containing the following (mg per disc unless otherwise stated): ampicillin (10), carbenicillin (100), cephalothin (30), chloramphenicol (100), gentamicin (30), kanamycin (30), lincomycin (15), neomycin (30), novobiocin (5), oleandomycin (15), penicillin G (20 U), polymyxin B (100 U), streptomycin (50) and tetracycline (30). Enzyme activities were determined, after incubation for 8 h at 30 u C, by using the API ZYM system (bioMérieux). Strain PDB-16 T was aerobic, Gramstaining-negative, non-spore-forming, non-motile and rod shaped. It degraded agarose, alginate, carrageenan, CMcellulose, pectin, starch and xylan, but did not degrade curdlan. Morphological, cultural, physiological and biochemical characteristics of strain T are given in the genus and species descriptions.
Cell biomass of strain PDB-16 T for DNA extraction and for the analyses of isoprenoid quinones and polar lipids was obtained from cultures grown for 3 days in MB at 30 u C. Chromosomal DNA was extracted and purified according to the method described by Yoon et al. (1996) , with the exception that RNase T1 was used in combination with RNase A to minimize contamination with RNA. The 16S rRNA gene was amplified by PCR as described previously (Yoon et al., 1998) using two universal primers, 9F (59-GAGTTTGATCCTGGCTCAG-39) and 1512R (59-ACGG-TTACCTTGTTACGACTT-39). Sequencing of the amplified 16S rRNA gene and phylogenetic analysis were performed as described by Yoon et al. (2003) . The almostcomplete 16S rRNA gene sequence of strain PDB-16 T determined in this study comprised 1442 nt, representing approximately 95 % of the Escherichia coli 16S rRNA sequence. Comparative 16S rRNA gene sequence analyses showed that strain PDB-16 T was most closely affiliated to members of the phylum Bacteroidetes (Fig. 1) . The phylogenetic trees based on the neighbour-joining and maximum-likelihood algorithms showed that strain PDB-16 T formed an independent lineage within the evolutionary radiation encompassed by the family Flavobacteriaceae of the phylum Bacteroidetes (Figs. 1 and S1, available in IJSEM Online). In the phylogenetic tree based on the maximumparsimony algorithm, strain T clustered with the type strain of Croceibacter atlanticus (Figs. 1 and S2 ), but the bootstrap value for the relationship was low (44.4 %; data not shown). Strain PDB-16 T exhibited 16S rRNA gene sequence similarity values of ,89.7 % to the type strains of any known bacterial species and ,90.1 % even to uncultured bacterial clones.
Isoprenoid quinones were extracted according to the method of Komagata & Suzuki (1987) and analysed using reversed-phase HPLC and a YMC ODS-A (25064.6 mm) column. The isoprenoid quinones were eluted by a mixture of methanol and 2-propanol (2 : 1, v/v), using a flow rate of 1 ml min 21 at room temperature and detected by UVA 270 . The predominant isoprenoid quinone detected in strain PDB-16
T was menaquinone-6 (MK-6) in line with all members of the family Flavobacteriaceae (Bernardet, 2011) . For cellular fatty acid analysis, cell mass of strain PDB-16 T was harvested from MA plates after incubation for 3 days at 30 u C. Fatty acids were saponified, methylated and extracted using the standard protocol of the Sherlock Microbial Identification System (version 4.0; MIDI). The fatty acids were analysed by GC (Hewlett Packard 6890) and identified by using the TSBA40 database of the Microbial Identification System (Sasser, 1990) . The cellular fatty acid profile of strain PDB-16 T consisted of large amounts of branched, hydroxy and straight-chain fatty acids. The fatty acid profile consisted of (.1.0 % of the total fatty acids) iso-C 15 : 0 (20.2 %), iso-C 15 : 1 G (18.8 %), iso-C 17 : 0 3-OH (17.2 %), summed feature 3 (C 16 : 1 v7c and/or iso-C 15 : 0 2-OH, 9.5 %), iso-C 15 : 0 3-OH (5.5 %), iso-C 16 : 0 3-OH (5.2 %), unknown fatty acid (ECL 13.565, 4.3 %), iso-C 16 : 0 (3.6 %), C 15 : 0 (3.4 %), C 16 : 0 3-OH (2.2 %), iso-C 14 : 0 (1.2 %), unknown fatty acid (ECL 16.582, 1.1 %) and anteiso-C 15 : 0 (1.0 %). Polar lipids were extracted according to the procedures described by Minnikin et al. (1984) and separated by two-dimensional TLC using chloroform/methanol/water (65 : 25 : 3.8, by vol.) for the first dimension and chloroform/methanol/ acetic acid/water (40 : 7.5 : 6 : 1.8, by vol.) for the second dimension as described by Minnikin et al. (1977) . Individual polar lipids were identified by spraying with ethanolic molybdophosphoric acid, molybdenum blue, ninhydrin and a-naphthol reagents (Minnikin et al., 1984; Komagata & Suzuki, 1987 ) and Dragendorff's reagent (Sigma). The major polar lipids detected in strain PDB-16 T were phosphatidylethanolamine and two unidentified lipids; minor amounts of some other unidentified lipids and some unidentified aminolipids were present (Fig. S3) . The DNA G+C content was determined by using the method of Tamaoka & Komagata (1984) , with the modification that DNA was hydrolysed and the resultant nucleotides were analysed by reversed-phase HPLC with a YMC ODS-A (25064.6 mm) column. The nucleotides were eluted by a mixture of 0.55 M NH 4 H 2 PO 4 (pH 4.0) and acetonitrile (40 : 1, v/v), using a flow rate of 1 ml min 21 at room temperature and detected by UV A 270 . The DNA G+C content of strain PDB-16 T was 42.1 mol%.
The predominant menaquinone type (MK-6) found in strain PDB-16 T is the same as that found in all members of the family Flavobacteriaceae (Bernardet, 2011) . Strain PDB-16 T could not be clearly differentiated from other members of the family Flavobacteriaceae by comparing fatty acid profiles, but its fatty acid profile showed differences in the 
Gelidibacter algens ACAM 536 T (U62914)
Kordia algicida OT-1 T (AY195836)
Dokdonia donghaensis DSW-1 T (DQ003276)
Salegentibacter salegens Sungkyunkwania multivorans gen. nov., sp. nov.
nature and proportion of the major fatty acid(s) compared with those of several genera used in the phylogenetic analysis (Cho & Giovannoni, 2003; Nedashkovskaya et al., 2004 Nedashkovskaya et al., , 2008 Nedashkovskaya et al., , 2009 Nedashkovskaya et al., , 2010 Alain et al., 2008; Lee et al., 2008; Manh et al., 2008; Arun et al., 2009; Park et al., 2009; Kim et al., 2010; Lucena et al., 2010; Sun et al., 2010 ; Table 1 ). The polar lipid profile of strain PDB-16 T was not clearly distinguishable from those of many members of the family Flavobacteriaceae, in that the only phospholipid identified is phosphatidylethanolamine (Ivanova et al., 2001; Yoon et al., 2005; Bercovich et al., 2008; Lucena et al., 2010; Lee et al., 2011; Lee et al., 2012; Oh et al., 2012) . The 16S rRNA gene sequence similarity values between strain PDB-16 T and other bacterial taxa were sufficient to differentiate this novel strain from previously known genera of the family Flavobacteriaceae.
Because of the very low sequence similarity values between strain PDB-16 T and members of the family Flavobacteriaceae, we abstained from using all these as references for all the tests performed in this study. However, the differences in several phenotypic properties served to differentiate strain PDB-16 T from members of some phylogenetically related genera, Aequorivita, Croceibacter and Vitellibacter (Table 1) . Accordingly, the phylogenetic distinctiveness and chemotaxonomic and phenotypic data suggest that strain PDB-16 T should be classified in a novel genus within the family Flavobacteriaceae. On the basis of the data presented, we propose a new genus and novel species, Sungkyunkwania multivorans gen. nov., sp. nov., for strain PDB-16 T .
Description of Sungkyunkwania gen. nov.
Sungkyunkwania (Sung.ky.un.kwan9i.a. N.L. fem. n. Sungkyunkwania named after Sungkyunkwan University, where taxonomic studies of this taxon were performed).
Cells are aerobic, Gram-staining-negative, non-flagellated, non-gliding and rod shaped. Catalase-and oxidase-positive. Nitrate reduction test is negative. The predominant xylose. Susceptible to carbenicillin, chloramphenicol, cephalothin, lincomycin, novobiocin and tetracycline, but not to ampicillin, gentamicin, kanamycin, neomycin, oleandomycin, penicillin G, polymyxin B and streptomycin. In assays with the API ZYM system, alkaline phosphatase, leucine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, a-glucosidase and bglucosidase activities are present, and esterase (C4) and esterase lipase (C8) activities are weakly present, but lipase (C14), valine arylamidase, cystine arylamidase, trypsin, achymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, N-acetyl-b-glucosaminidase, a-mannosidase and afucosidase activities are absent. The predominant menaquinone is MK-6. The major fatty acids (.10 % of the total fatty acids) are iso-C 15 : 0 , iso-C 15 : 1 G and iso-C 17 : 0 3-OH. The major polar lipids are phosphatidylethanolamine and two unidentified lipids. The DNA G+C content of the type strain is 42.1 mol% (HPLC).
The type strain, PDB-16 T (5KCTC 32138 T 5CCUG 62952 T ), was isolated from seawater from a seaweed farm in Geojedo on the South Sea in Korea.
